Abstract. A simulation model was developed to predict the population dynamics and economics of velvetleaf control in a corn-soybean rotation. Data compiled from the literature were used to parameterize the model for two situations, one in which velvetleaf was infected by a Verticillium spp. wilt and one without infection. Verticillium was assumed to have no effect on corn or soybean yield. In the absence of control, simulated seedbank densities of a Verticillium-infected velvetleaf population were 5 to 50 times lower than for an uninfected velvetleaf population. The model was used to evaluate a threshold weed management strategy under the assumption that velvetleaf was the only weed and bentazon the only herbicide available for its control. In the absence of Verticillium, an economic optimum threshold of 2.5 seedlings 100 m72 afforded the highest economic returns after 20 yr of simulation. Simulations in which velvetleaf was infected in 8 out of 20 randomly assigned years indicated a 6% increase in annualized net return and an 11% reduction in the number of years that control was necessary. Sensitivity analysis indicated the parameter estimates having the greatest impact on economic optimum threshold were seedling emergence and survival, maximum seed production, and herbicide efficacy. Under an economic optimum threshold of 2.5 seedlings 100 m-2, management practices that manipulate the most sensitive demographic processes increased annualized net return by up to 13 % and reduced long-term herbicide use by up to 26%. Results demonstrate that combining an economic optimum threshold with alternative weed management strategies may increase economic return and reduce herbicide use. Nomenclature: Bentazon [3-(1-methylethyl)-(1H)-2,1,3- 
INTRODUCTION
Recent public concern over nonpoint source pollution resulting from the application of pesticides has stimulated much discussion and research (23) on the potential of economic thresholds as a method of reducing herbicide use. Single year economic thresholds are based upon expected crop yield loss resulting from weed interference within a growing season. Economic threshold theory necessitates leaving weeds in the field. Unfortunately, weeds left uncontrolled based upon a single year economic threshold decision may produce large numbers of seed even under very poor environmental conditions, resulting in a potentially large seedbank population size in subsequent years. Therefore, long-term population dynamics must be considered in economic threshold calculations. Economic optimum thresholds (EOT)4 are calculated based on expected net returns over multiple years of simulated weed population dynamics, weed-crop interference, and weed management (7, 8, 9, 17) .
Modeling the population dynamics and economics of weed management in crops also may be used to identify strategies for reducing long-term herbicide use (5, 10, 13, 34). Several researchers have modeled the economics of annual weeds in cereals (5, 9, 10, 13, 34) and weed competition in soybeans (1, 35, 36), but modeling the population dynamics and economics of weed management in the corn-soybean rotation common to the north central United States has received little attention to date.
Velvetleaf is a major weed in corn and soybean (33) , infesting more than 9 million ha of soybean in the United States at an annual control cost of $225 million (31). Velvetleaf is highly susceptible to Verticillium wilt (29) . A recent study on the demographics of velvetleaf in soybean reported that velvetleaf survival, seed production and competitive ability were substantially reduced as a result of Verticillium (20) . Another study of velvetleaf competition and seed production in corn found no yield loss across velvetleaf densities (3)5. In contrast, up to 47% corn yield loss due to velvetleaf interference was observed in Italy (28). Moreover, Verticillium infected velvetleaf seed production in corn (3) was less than 10% of that measured in Italy (38) . A comparison of the population dynamics and economics of a Verticillium-infected population with the dynamics of an uninfected population may provide insight into the potential benefit of biological control of velvetleaf with this pathogen.
The objectives of this research were to: 1) determine the EOT density of velvetleaf seedlings for a corn-soybean rotation, 2) compare the simulated economic returns and long-term herbicide use resulting from a Verticillium infected and an uninfected velvetleaf population under an EOT management strategy, and 3) evaluate the potential increase in economic return and reduction in long-term herbicide use when alternate management strategies are utilized to manipulate the most sensitive model parameters.
MATERIALS AND METHODS
The model and assumptions. The model was used to calculate velvetleaf population dynamics and economic return from crop production over a 20 yr period. Population dynamics were calculated on a square meter basis, then scaled up to hectares for economic calculations. Therefore, the model assumed a spatially homogenous weed population. Corn was grown in even years (including year t = 0), and soybean in odd years. Velvetleaf was assumed to be the only weed in the system, and bentazon at 1.1 kg ha-' the only option available for a threshold weed management strategy in both corn and soybean. The decision to use bentazon was made if the seedling population density exceeded a specified threshold density. Seedling recruitment. To simplify calculations, the model operated on a one-year time step, so seedling emergence was assumed to occur in a single cohort simultaneous with crop emergence. Lindquist et al. (20) provided an estimate of density independent emergence, so velvetleaf seedling population density (Ns14, seedlings i-2) was calculated as:
where Nsb4 is the seedbank population density and Em is the proportion of the seedbank that emerges. Emergence was assumed to be constant across cropping years. Possible variation in the proportion of the seedbank that emerges resulting from an age-structured seedbank population or from seed buried at different depths in soil was not included in the model. Seedling survivorship. Several researchers have reported that velvetleaf seedling survivorship is density independent (2, 20, 25), so mature velvetleaf population density (Nm4 plants m 2) was calculated as follows: Nm = Ns, Ssl (I -Ef q) [2] where S,j is the proportion of velvetleaf seedlings surviving to maturity in the absence of weed control, Ef is the herbicide efficacy (the proportion of seedlings killed by the herbicide), and q4 is a binary term equal to 0 if no herbicide was used and 1.0 if herbicide was used. Because emergence was assumed to occur in a simultaneous cohort, survivorship as a function of time of emergence was not included in the model. Moreover, velvetleaf survivorship was assumed to be independent of crop species present.
Seed production. Velvetleaf seed production (Np(i)4, seeds m-2) in mixture with crop species i was modeled as a function of mature weed density using the negative exponential:
Np(j) = Nm (Pm(i) (exp(-Pa(i) Nm))) (1 -Pr q) [3] where Pm(i) is the maximum seed production (seeds plant-1) in the presence of crop species i, Pa(i) is the rate of decay parameter for velvetleaf seed production in mixture with crop i, Pr is the reduction in seed production of weeds that escaped mortality as seedlings if herbicide was applied, and q is the binary term as described above. Constant crop density was assumed. Seed production was the only density-dependent demographic process incorporated into the model. Simulated seedbank populations can reach an equilibrium density, oscillate, or continue exponential growth depending on the seed production function. Using equation 3, seed production (seeds mr-2), as a function of mature velvetleaf density, increases to a maximum then declines toward zero as a lower asymptote. This reduction of seed production at high velvetleaf density may allow for a decline in the seedbank over time. A 'humped' seed production function may result if a certain biomass must be reached before seed production can occur. This is a requirement for velvetleaf (25, 32, 38), but may not be the case for other weed species. Thus, in the construction of weed population dynamic models, considerable attention must be given to the consequences of the equation selected to represent each demographic process (24). Seedbank dynamics. Velvetleaf spring seedbank population in year t + 1 (NSb(t+1), seeds rn2) was calculated as follows:
Nsb(t+l) = ((Nsb(t) -Nsl) * Ssb + Np(i)) * SW [4] where Ssb is the proportion of ungerminated seeds in the spring seedbank (year t) that survive in soil through the growing season, and Sw is the overwintering survival of the autumn seedbank (following seed rain). Both Ssb and Sw were assumed to be independent of crop species present. Crop yield loss. Percent crop yield loss resulting from velvetleaf competition (YL(i))4 is modeled using the rectangular hyperbola equation ( where YLa(i) is the initial slope of the yield loss function (% yield loss as density approaches zero) for crop i, YLb(i) is the maximum (%) yield loss of crop i, YL4 is the reduction in yield loss resulting from the reduced interference of weed escapes when herbicide was applied, and q is the binary tenn as described above. Economic retums. The expected economic return obtained for the production of crop i in any given year (ER(4, $ ha-') was calculated as: Table 1 . Parameter estimates with the largest absolute Q values were: the reduction in seed production due to control (Pr), herbicide efficacy (Ef), overwintering survival of seeds (Sw), seedling survival (Ss,), the proportion of the seedbank emerging (Em), and the maximum seed production parameters (Pm(i)).
ER(i) Ywf(i) (1 -YL(i/ 100) PR(i) -C(i) -(H q) [6] where Ywf(i) is the expected weed free crop (i) yield (kg ha-1), PR(i) is the price obtained for crop i ($ kg-l), C(i) is the production costs ($ ha-1), H is
Further analysis was conducted to evaluate the impact of specific changes in the above listed parameters on ANR over 20 yr of simulation and the number of years in which herbicide use was necessary under the EOT management strategy. Simulations were conducted across three initial seedbank densities (1.0, 10, and 100 seeds mi-2) assuming an EOT density of 0.025 seedlings m-2. All parameters were held constant except the parameter of interest, which was varied according to an estimated change resulting from a management practice. The results of this analysis ( present in an untreated check plot. In the model, herbicide efficacy was assumed to be the proportion of seedlings killed, and therefore does not fully account for the demographic impact of the herbicide on weed populations. To adjust for this weakness, reproduction and competitiveness of surviving seedlings were reduced by constant proportions (Pr and YLr) if the herbicide was used. A comparison of velvetleaf seed production (plant-') in herbicide-treated plots with that in untreated plots suggested a substantial reduction in seed production in treated plots (30) . By changing Ef from 0.89 to 0.97 or Pr from 0.9 to 0.98, simulated ANR was increased by 10%, and long-term herbicide use was reduced by 20% ( Table 2 ). The overwintering survival parameter (Sw) may be manipulated by mechanically removing seeds during harvest or by encouraging herbivorous animals that prefer weed seeds to inhabit nearby areas (e.g., field edges or fencelines). Few quantitative data useful for estimating Sw are available for most weed species. Simulation results (Table 2) Weed biomass production may be reduced through increased crop competitiveness (4, 22, 27) or by optimizing planting density and spatial arrangement (4). Because velvetleaf seed production is correlated with biomass (26), the maximum seed production (Pm(i)) of velvetleaf may also be reduced. Results in Table 2 suggest that ANR could be increased as much as 12%, and the number of years of control reduced 25% if the maximum seed production parameter value was reduced 80% (to = 700 seeds plant-').
Bauer and Mortensen (1) found little economic gain of the EOT strategy over the zero threshold management strategy (i.e., continuous herbicide use), and questioned whether the gain would balance the overall costs required to calculate and implement the EOT strategy. Results shown in Figure 1 might lead to a similar conclusion. However, this simulation study has shown that linking an EOT strategy with alternative weed management practices may substantially increase long-term economic returns, while reducing herbicide use. Further research on the influence of Verticillium and other biological control agents, cultivation, crop density and spatial arrangement, and mechanical seed removal on weed seedling survival, seed production, and competi-tiveness is critical if the EOT and alternative weed management strategies are to become viable field practices.
